Enediynes are a highly cytotoxic class of compounds. However, metallation of these compounds may modulate their activation, and thus their cytotoxicity. We previously demonstrated that cytotoxicity of two different metalloenediynes, including (Z)-N,N 0 -bis[1-pyridyl-2-yl-meth-(E)-ylidene]octa-4-ene-2,6-diyne-1,8-diamine] (PyED), is potentiated when the compounds are administered to HeLa cells during hyperthermia treatment at concentrations that are minimally or not cytotoxic at 378C. In this study, we further characterized the concentration, time and temperature dependence of cytotoxicity of PyED on human U-1 melanoma cells. We also investigated the potential mechanisms by which PyED cytotoxicity is enhanced during hyperthermia treatment. Cell killing with PyED was dependent on concentration, temperature during treatment and time of exposure. Potentiation of cytotoxicity was observed when cells were treated with PyED at temperatures !39.58C, and enhancement of cell killing increased with temperature and with increasing time at a given temperature. All cells treated with PyED were shown to have DNA damage, but substantially more damage was observed in cells treated with PyED during heating. DNA repair was also inhibited in cells treated with the drug during hyperthermia. Thus, potentiation of PyED cytotoxicity by hyperthermia may be due to enhancement of drug-induced DNA lesions, and/or the inhibition of repair of sublethal DNA damage. While the selective thermal activation of PyED supports the potential clinical utility of metalloenediynes as cancer thermochemotherapeutic agents, therapeutic gain could be optimized by identifying compounds that produce minimal toxicity at 378C but which become activated and show enhancement of cytotoxicity within a tumor subjected to localized hyperthermic or thermal ablative treatment, or which might act as bifunctional agents. We thus also describe the development and initial characterization of a novel cofactor complex of PyED, platinated PyED (Pt-PyED). Pt-PyED binds to DNA-like cisplatin, and much like PyED, cytotoxicity is greatly enhanced after treatment with the drug at elevated temperatures. However, in contrast to PyED, Pt-PyED is only minimally cytotoxic at 378C, at concentrations at which cytotoxicity is enhanced by hyperthermia. Further development of cisplatin-based enediynes may result in compounds which, when activated, will possess multiple DNA binding modalities similar to cisplatin, but produce less side effects in tissues at normothermic temperatures. Ó 2018 by Radiation
INTRODUCTION
Since the discovery of the enediyne moiety in a group of natural anticancer antibiotics, natural and synthetic enediynes have elicited increased interest over the last two decades. The natural calicheamicin, esperamicin and dynemicin A families all contain the unique (Z)-1,5-diyne-3-ene (''enediyne'') moiety, which, as observed by Bergman and coworkers, undergoes cyclization through the production of a 1,4-benzoid diradical intermediate (1, 2) . The mechanism responsible for the observed biological activity of these compounds involves preferential binding to the minor groove in the DNA backbone (3, 4) . Bergman cyclization of the enediyne moiety then produces a reactive intermediate that abstracts a hydrogen atom from the ribose ring of the DNA backbone, leading to the formation of a double-strand break (DSB) (5) .
With the hope of increasing the therapeutic potential of enediynes, much effort has been made to control their cyclization. The geometry of the compound plays a critical role in compound activation by influencing steric strain on the enediyne-containing ring system and the distance between the terminal alkyne carbons. Distances ,3.1 Å resulted in unstable compounds, whereas distances .3.4 Å required significant thermal energy for activation (5) . To better control these variables, metal ions have been employed as ligands, affording specific geometries that can either activate or inhibit the natural stability of a given compound (6, 7) .
Metalloenediynes appear to have increased therapeutic potential due to the degree of activation control afforded by their metal ligands. Metal center geometry, ligand flexibility and the steric bulk of the groups adjacent to the alkyne termini profoundly affect the activation energy required for enediyne cyclization (8) . With these factors in mind, a number of stable metalloenediynes have been produced, which can be easily induced to undergo cyclization, thus triggering their cytotoxic effects (4) .
Multiple strategies have been employed to preferentially induce enediyne cyclization; the two most common are photo-and thermal activation. Although both methods have shown promise, thermal activation may be preferable for clinical applications, due to the therapeutic effects of mildto-moderate hyperthermia and the evolving areas of application of heat-induced chemosensitization, notably in tandem with thermal ablation. Even heat treatment that produce little or no cell killing have been shown to enhance cytotoxicity of certain chemotherapeutic agents or types of radiation that produce DNA damage (9); in some cases, this potentiation of cytotoxicity is believed to be mediated through the inhibition of a variety of DNA repair mechanisms or enhancement of initial DNA damage from increased drug influx (9-13). However, the mechanism by which heat potentiates enediyne cytotoxicity has not been definitively elucidated.
The compound PyED is a bis(pyridine)enediyne ligand that forms metalloenediyne complexes with divalent metals. Upon complexation with the Mg(II) ion present in cell culture media, a geometric change occurs in the compound, allowing it to remain stable at ambient temperatures and to become activated upon exposure to elevated temperatures (8) . During the initial characterization of the biological effects of this compound on HeLa cells, PyED cytotoxicity was shown to be potentiated by hyperthermia (42.58C for 1 h) when cells were treated with concentrations of the compound that were minimally cytotoxic after treatment at 378C (14) . Cells treated with PyED during heating showed an enhancement in apoptotic death, and interestingly, a significant reduction in the G 2 /M block normally observed after heat exposure alone or drug treatment at 378C (14) .
Greater utility of PyED and novel metal cofactor complexes of this enediyne as chemotherapeutic agents could potentially be realized by ''tuning'' of their toxicity through better-controlled diradical reactivity; this could theoretically allow these compounds to be administered systemically, but their cytotoxicity would be confined to regions of localized heating. We therefore performed further studies to characterize the effects of PyED and a platinated form of the compound (Pt-PyED) at normothermic and hyperthermic temperatures. The time-temperature relationship for enhancement of cytotoxicity of these compounds was determined using a clonogenic cell survival assay, and comet and DNA binding assays were used to elucidate the potential mechanisms by which hyperthermia enhances metalloenediyne cytotoxicity. Human melanoma cells were selected for these studies, since melanomas are tumors that have been treated previously with hyperthermia alone with curative intent, with well-defined heat doses having been successfully delivered to the tumor volume (15) .
MATERIALS AND METHODS

Synthesis of (
All reagents were purchased from commercial suppliers and used as received unless otherwise stated. PyED was synthesized as described previously by Rawat and Zaleski (8) . Hydrogen-1 spectra were recorded on VXR 400 MHz and i400 MHz NMR spectrometers and the residual proton resonance of the solvent was used as an internal reference. Differential scanning calorimetry traces were recorded on a General V4.1C DuPont 910 differential scanning calorimeter coupled to a DuPont Thermal Analyst 2100 at a heating rate of 108C min
À1
. Infrared spectra were recorded on a Thermo Electron Corporation Nicolet 6700 FT-IR spectrometer. As noted previously (14) , PyED may readily form a complex with Mg upon reacting with MgCl 2 in equal molar ratios, and therefore, the presence of Mg 2þ in the cell culture media used for dilution of the compound and treatment of cells is expected to promote formation of metalloenediyne constructs in situ. However, formation of metallic complexes with other metal ions (e.g., trace metals such as Zn) introduced by supplementation of the cell culture media with calf serum is also possible (unpublished data). The structure of PyED is shown in Fig. 1A and B before and after complexation with Mg 2þ . To synthesize the Pt-PyED complex in situ, AgPF 6 in methanol was added to a stirring suspension of cis-bis(acetonitrile)dichloroplatinum(II) in methanol. The reaction was stirred at 608C for 4 h in the absence of light, and the resulting AgCl precipitate removed by gravity filtration. The filtrate was incubated with PyED at 08C for 8 h while stirring. Solvent was removed in vacuo at the same temperature to yield a brown solid. The solid was washed with Et 2 O (3 3 20 ml) and hexanes (3 3 20 ml) to yield the final product as a shiny brown solid containing a Ag(PyED) impurity and used as prepared. Due to solution and thermal reactivity of the product, a 13 C NMR spectrum and elemental analysis could not be obtained. The structure of this compound is shown in Fig. 1C .
After synthesis and purification in the Zaleski laboratory, compounds were shipped to the Dynlacht laboratory on dry ice and stored at -208C until use.
Cell Culture and Drug Preparation
Human U-1 melanoma cells were cultured in McCoy's 5A modified medium with L-glutamine (Mediatech, Manassas, VA) supplemented with 10% iron-supplemented bovine calf serum (Hyclone, Logan, UT) and maintained in a 378C incubator (5% CO 2 ). Three days prior to each experiment, 2.5 3 10 5 cells were plated into 25 cm 2 (T-25) flasks, containing 5 ml cell culture media and allowed to grow to ;90% confluency (logarithmic growth). Aliquots of PyED or Pt-PyED were dissolved in DMSO the day of experimentation and kept at 48C until use. These aliquots were then used to prepare final concentrations of each compound in cell culture media immediately before experiments.
Clonogenic Cell Survival Assays
To determine the effect of PyED or Pt-PyED on cell survival, stock solutions of each compound in DMSO were diluted directly into pre-warmed (378C) cell culture media in T-25 flasks, to yield final drug concentrations of 0-50 lM PyED or up to 106 lM Pt-PyED. The total volume of drug-containing media used to treat cells in each T25 flask was 5 ml, with DMSO representing 1.5% of the total volume. Cells treated with drug or vehicle alone (DMSO) were either maintained at 378C or subjected to hyperthermia (38.5-42.58C) for 1 h by placing flasks in a precision-controlled water bath (60.18C). After treatment, the media was aspirated and cells were washed with 5 ml of fresh media (378C). Cells were then trypsinized, resuspended in 378C media and counted using an electronic cell counter (Z2 Particle Count and Size Analyzer, Beckman Coulter, Brea, CA). Cells were diluted and plated into new flasks containing 5 ml media in triplicate. Flasks were returned to the 378C incubator for 10-14 days to allow for colony formation. Colonies were fixed with 3:1 methanol:glacial acetic acid, stained with crystal violet and counted if containing greater than 50 cells. Surviving fractions were calculated and normalized to the plating efficiency of flasks with DMSO alone at the respective treatment temperature, or to the plating efficiency of flasks treated at 378C with their respective drug. In some experiments, cells were treated with drug or DMSO alone for 0, 15, 30 or 60 min at a specific temperature. Surviving fractions were calculated and normalized to the plating efficiency of cells that were only washed with the treatment media and then washed with fresh media before trypsinization. All clonogenic survival experiments were repeated at least once and the standard error of the mean (SEM) was calculated for each normalized surviving fraction.
Quantification of DNA Damage
Cells treated with drug or vehicle alone, at 378C or at elevated temperatures, were analyzed using the alkaline comet assay following manufacturer's specifications as described in the Trevigen CometAssayt Starter Kit (Trevigent Inc., Gaithersburg, MD), but with some modifications. Briefly, one day prior to treatment, fresh 13 alkaline electrophoresis buffer (200 mM NaOH, 1 mM EDTA, pH .13) was prepared and stored at 48C. Prior to analysis, lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 1% Triton X-100, pH 10) was chilled to 48C, LMAgarose aliquots were warmed to 378C, and twowell comet slides were also warmed to 378C. Cells were treated with 50 lM PyED or vehicle (1.5% DMSO) at either 378C or 42.58C for 30 min and allowed to recover up to 2 h in a 378C incubator. Cells were then trypsinized and resuspended in cold McCoy's 5A medium (containing 10% iron-supplemented calf serum by volume). Cell concentration was then determined and ;1.3 3 10 5 cells were transferred to microcentrifuge tubes. Cells were then pelleted (1,000 rpm, 5 min), washed in cold 13 PBS (without Ca 2þ or Mg 2þ ) and resuspended in fresh, cold 13 PBS. A 1:10 cell suspension:LMAgarose was then prepared and 75 ll of this mixture spread evenly into a comet slide well.
Slides were dried for 1 h and then immersed in cold lysis solution for 1 h at 48C. The lysis solution was removed and replaced with freshly prepared alkaline unwinding solution (200 mM NaOH, 1 mM EDTA, pH .13) at room temperature for 1 h. Slides were then removed and electrophoresed for 30 min in cold alkaline electrophoresis buffer at 1 V/cm and 300 mA. Slides were rinsed three times with dH 2 O for 10 min per rinse, then once with 70% EtOH for 30 min and three additional times with dH 2 O for 5 min before being allowed to dry at room temperature overnight.
Once dry, gels were stained with SYBRt Green diluted 1:10,000 in Tris-EDTA (TE) buffer (1 mM EDTA, 10 mM Tris, pH 7.5). Four or five high-quality TIFF images were taken of different areas of each gel using a RT KE SPOT Imaginge 7.3 3-Shot Color camera (Diagnostic Instruments Inc., Sterling Heights, MI) mounted on a DM4000 B microscope (Leica Microsystems Inc., Buffalo Grove, IL). Adobe Photoshopt was then used to convert all images to grayscale BMP files. Fifty cells from each treatment were analyzed using CometScore software (TriTek Corp., Sumerduck, VA). The percent DNA in the tail of each cell, and tail moment, were measured and compared. Analyzed cells were also grouped into five comet score classifications, 0, 1, 2, 3 and 4, based on the percent DNA in the comet tail, and corresponding to 0-19%, 20-39%, 40-59%, 60-79% and 80-100% DNA in the tail, respectively. Thus, a score of 0 represents little to no DNA damage and a score of 4 represents maximum damage. This assay was repeated at least once for each treatment condition and the SEM calculated for each comet parameter.
DNA Intercalation Fluorescence Displacement Assay
Analysis of DNA binding of the Pt-PyED compound was performed as described elsewhere (16, 17) . Briefly, a competitive DNA intercalation assay was performed using SYBR Green I (SigmaAldricht LLC, St. Louis, MO) and sonicated salmon sperm DNA (8.3 ng/ll) (Fisher Scientifice, Pittsburgh, PA) in 25 mM MOPS (pH 6.5). Doxorubicin, a known noncovalent DNA binding chemotherapeutic, was used as a positive control. Varying concentrations of the indicated compounds were mixed with reaction components in a 96-well plate in a final volume of 110 ll. Fluorescence (excitation wavelength ¼ 485 nm, emission wavelength ¼ 528 nm) and a read height of 7 mm was measured using a BioTek Synergy H1 Hybrid Multi-mode Microplate Reader with BioTek Gen5 reader software. Reactions were incubated a maximum of 5 min before measurements were collected. Data represent the mean and range of duplicate determinations.
RESULTS
Cytotoxic Effects of PyED Treatment and Enhancement of PyED Cytotoxicity by Hyperthermia
The presence of magnesium in cell culture media promotes formation of the metalloenediyne construct of PyED, as shown in Fig. 1 . When U-1 melanoma cells were treated for 1 h with PyED at 378C, cell killing was observed only after treatment with drug concentrations of 25-50 lM (Fig. 2) ; treatment with 5 lM PyED was not cytotoxic, while 25 lM was somewhat cytotoxic. However, potentiation of PyED cytotoxicity was observed over the entire range of concentrations when cells were treated with drug at 42.58C. Cell survival was reduced by ;30-50% when cells were treated with drug concentrations of 5 or 25 lM, respectively, at 42.58C compared to 378C. The enhancement ENHANCEMENT OF METALLOENEDIYNE CYTOTOXICITY BY HYPERTHERMIA of drug-induced cell killing by hyperthermia was dosedependent over the range of concentrations tested, with hyperthermia potentiating cell killing at 50 lM by nearly an order of magnitude. Thus, we chose this concentration for further investigation of the cytotoxic effects of the compound and the mechanisms by which heat enhances cytotoxicity.
Time and Temperature Dependence of Potentiation of PyED Cytotoxicity
The temperature dependence of potentiation of PyED cytotoxicity was investigated by determining the surviving fraction of U-1 cells treated with 50 lM PyED for 1 h at temperatures ranging from 37 to 42.58C (Fig. 3) . Hyperthermia treatments up to 41.58C with vehicle alone (1.5% DMSO) were, at most, only minimally cytotoxic. Heating cells at temperatures up to 39.58C during PyED treatment did not potentiate toxicity compared to treatment at 378C. However, heating cells at temperatures of 40.58C and higher during PyED treatment significantly enhanced cell killing, with enhancement increasing with temperature. The greatest potentiation of PyED cytotoxicity occurred when cells were treated with the compound at 42.58C.
Since significant potentiation of PyED cytotoxicity was observed during 1-h treatments at 41.58C and 42.58C, these temperatures were used to determine how the enhancement of cytotoxicity changed as a function of drug treatment time. Cells were treated with either 50 lM PyED or vehicle (1.5% DMSO) at each temperature for 0-60 min (Fig. 4) . PyED treatment for as little as 15 min resulted in cytotoxicity for both temperatures tested. Enhancement of cytotoxicity by 41.58C heating reached a plateau after 30 min; however, potentiation of cytotoxicity was observed to increase with duration of treatment with the drug at 42.58C. Due to the significant enhancement of cell killing after 30-min PyED treatments at 42.58C, compared to treatment at 378C, this time and temperature combination was selected for investigating the potential mechanisms of enhancement of cell killing.
Hyperthermia Increases and Inhibits Repair of DrugInduced DNA Damage DNA damage in U-1 cells treated with PyED at normal physiological or elevated temperatures was determined using the alkaline comet assay (18) . Cells were treated with 50 lM PyED for 30 min at either 37 or 42.58C and were then prepared for analysis immediately after treatment or allowed to recover in fresh media at 378C for various times prior to processing. The average percent DNA in the tail of 50 cells from each treatment was used as an indicator of DNA damage. The significantly higher amount of DNA in the tails of cells treated with PyED during hyperthermia compared to cells treated with drug alone (at 378C) suggest that heat potentiates PyED-induced DNA damage (Fig. 5A) .
Comet tail moment (the product of the tail length and percent DNA in the tail) is frequently used as a more conservative measure of DNA damage. Average tail moments for cells treated with PyED and allowed to recover at 378C were plotted (Fig. 5B) as percentages of the average tail moment without recovery as a function of time at 378C after treatment. Significant repair occurred in cells treated with drug at 378C, especially between 30-60 min after treatment. Cells treated with PyED at 42.58C exhibited a slower rate of repair; cells exposed to hyperthermia showed only a 34% decrease in tail moment after 2 h of incubation at 378C, compared to an 86% decrease without hyperthermia. Thus, in addition to potentiating PyEDinduced DNA damage, the lack of recovery in tail moment to near-control values in cells after PyED treatment at 42.58C indicates that hyperthermia inhibits repair of PyEDinduced DNA damage.
The distribution of DNA damage (from nonexistent to severe compared to untreated controls, as indicated by percent DNA in the tail) across the populations of cells analyzed at various times after each treatment was determined by grouping the comet tails of treated cells into five comet score classifications, 0, 1, 2, 3 and 4, corresponding to 0-19%, 20-39%, 40-59%, 60-79% and 80-100% of DNA in the tail, respectively. The number of cells in each category was tabulated for each treatment, and the data are shown in Fig. 6 . A greater number of cells that were heated during PyED treatment showed more extensive DNA damage at all times after treatment compared to cells that were treated with PyED at 378C.
Initial Development and Testing of a Platinated Enediyne (Pt-PyED)
Since the results from our current and prior studies suggested that metalloenediynes may be useful as anticancer agents, we have recently sought to generate cisplatin- . Cells were then allowed to recover at 378C for various times prior to preparing samples for analysis by alkaline comet assay. The average percent DNA in the tail of 50 random cells from each treatment was determined. Error bars represent SEM (n ¼ 2 for recovery treatments; n ¼ 3 for all other treatments). Cells treated with DMSO alone were prepared immediately after treatment. Panel B: Cells were treated with 50 lM PyED for 1 h at 378or 42.58C and then incubated up to 120 min at 378C prior to processing for analysis by alkaline comet assay. Average tail moments (ATM) of 50 cells/sample were calculated, and residual DNA damage determined by calculating percentage of initial damage remaining (percentage of ATM of cells treated and incubated for various times at 378C prior to processing, relative to initial ATM of cells treated/processed immediately). Error bars represent the SEM for two to three experiments.
based enediynes that could conceivably function in a dualthreat modality to damage DNA and inhibit DNA metabolism in tumor cells. Thus, our interest turned toward the synthesis of cofactor (divalent Pt) complexes of enediynes. Based on our experience with PyED, we synthesized the divalent Pt cofactor complex of PyED (PtPyED, Fig. 1C ). The diradical cyclization reactivity of the Pt-PyED complex is greater than that of the divalent Mg complex (J. Zaleski, unpublished observations).
Pt-PyED was only mildly cytotoxic after treatment for 1 h at 378C, and much less cytotoxic than PyED; even after treatment with 106 lM Pt-PyED, the surviving fraction remained relatively high (0.646) (one experiment, data above 35 lM not shown). As observed with PyED, we noted a significant concentration-dependent potentiation of cytotoxicity when cells were treated with Pt-PyED during heating at 42.58C (Fig. 7) . It is worth noting that greater enhancement of Pt-PyED cytotoxicity might have been observed at higher drug concentrations. However, cells heated during treatment with Pt-PyED at concentrations greater than 35 lM detached from the surface of the tissue culture flask during the treatment; therefore, surviving fraction of cells that had been treated with higher concentrations of drug during heating could not readily be determined using our clonogenic cell survival assay (data not shown).
Also, similar to what was observed with PyED, the extent of enhancement of cytotoxicity was both temperature and time dependent. Some enhancement of cell killing was noted at temperatures as low as 398C, while maximum enhancement was observed when cells were treated at 42.58C (Fig. 8) . When cells were treated with drug from 0-60 min at 42.58C, enhancement of Pt-PyED cytotoxicity was noted with increased treatment time (Fig. 9) , although no potentiation was noted after only a 15 min treatment.
There was nearly a 100-fold reduction in cell survival when cells were heated in the presence of drug compared to when they were heated with vehicle alone.
Finally, we sought to determine whether Pt-PyED, our second-generation enediyne, possessed the appropriate functionality for intercalative or alkylative DNA binding modes like cisplatin. Using a conventional fluorescence displacement assay, we determined that Pt-PyED does bind to DNA (Fig. 10) . The positive control compound, doxorubicin, shows potent displacement of the fluorescent dye from DNA. The small increase in fluorescence observed at the highest concentration tested (15 lM) is attributed to doxorubicin autofluorescence. Pt-PyED displayed a concentration-dependent decrease in fluorescence, indicating a moderate affinity for DNA consistent with damage observed using the comet assay.
DISCUSSION
In this study, we have demonstrated that the cytotoxic effects of the enediyne PyEd (which becomes metallated in cell culture media) and the divalent Pt cofactor complex of PyED, Pt-PyED, may be significantly potentiated when the compounds are administered to U-1 melanoma cells at hyperthermic temperatures. Both PyED (at concentrations less than 50 lM) and Pt-PyED were only somewhat moderately or minimally cytotoxic, respectively, to cells treated with micromolar concentrations at 378C (Figs. 2 and  7) . However, for both compounds, enhancement of cytotoxicity by heat was dependent upon drug concentration, temperature at which the drug was administered and time of treatment with each drug (Figs. 2-4 and 7-9 ). Data shown in Figs. 3 and 8 suggest that the compounds likely do not sensitize cells to the hyperthermic treatment; rather, it appears that the hyperthermic treatment is what enhances cytotoxicity of the compounds. If the former scenario were true, it is likely that we would have observed greater enhancement of cell killing at all temperatures above 378C. No potentiation of cytotoxicity was observed when cells were heated up to 39.58C during PyED treatment, while only slight potentiation was observed when cells were treated with Pt-PyED in the 398C to 40.58C temperature range (Figs. 3 and 7 ). Higher temperatures (41.58C and 42.58C) were required for significant potentiation of PyED and Pt-PyED cytotoxicity, and in the case of PyED, brief treatments (15 min) with the drug at elevated temperatures resulted in greater cell killing than heat or drug treatment alone (Fig. 4) . Longer treatments at 41.58C or 42.58C resulted in greater enhancement of cytotoxicity for both compounds (Figs. 4 and 9) .
We sought to determine the mechanism by which hyperthermia potentiates metalloenediyne toxicity. In a recently published study, Zaleski et al. (19) tested the ability of PyED or PyED-metalloenediyne complexes containing Cu(II), Fe(II) and Zn(II) to damage supercoiled DNA. They found that efficient nicking of the DNA occurred in the presence of all three divalent metalloenediyne ions, but reported only minimal degradation when DNA was exposed to free PyED; thus, they concluded that the extent of the chelation-induced radical generation event is strongly metal-dependent. However, interestingly, they found that ENHANCEMENT OF METALLOENEDIYNE CYTOTOXICITY BY HYPERTHERMIA the activity displayed by the divalent reaction at 378C is similar to that demonstrated at hyperthermic temperatures (428C).
In contrast to the aforementioned experiments with supercoiled DNA, the quantification of DNA damage (using the comet assay) in U-1 cells treated with PyED for 30 min with and without hyperthermia (42.58C) resulted in our observation of significant differences not only in the amount of initial DNA damage induced (cells treated with PyED during heating showed more initial damage than cells treated at 378C), but also in the kinetics of DNA repair. U-1 cells treated with drug at 378C sustained significant DNA damage, but this damage was nearly completely repaired within 2 h of recovery at 378C. The initial damage observed in nonheated cells could be due to the activation of some of the PyED compound after complexation with magnesium, or some other biological activity not yet understood (Figs. 5 and 6). Nevertheless, the significant repair (see below) coupled with higher clonogenic survival in nonheated cells might suggest that the DNA damage incurred was less detrimental to cell survival after treatment at 378C. We previously observed that PyED treatment at 378C in HeLa cells induces a G 2 /M cell cycle arrest (14) . Such an arrest in U-1 cells could explain the ability of these cells to repair significant damage before progressing to mitosis. It is worth noting that drug treatment at 378C resulted in cells with nearly a full spectrum of levels of DNA damage; some cells were minimally damaged while others sustained extensive damage (Fig. 6 ). However, 2 h after treatment, nearly all nonheated cells produced comets indicative of complete repair of DNA damage, similar to the extent observed in cells treated with DMSO alone.
In contrast, U-1 cells treated with PyED at 42.58C were shown to have significantly more DNA damage immediately after treatment compared to those treated with drug alone, hyperthermia alone, or the additive effect of the two treatments (Fig. 6) . These results suggest that thermal activation may potentiate PyED toxicity, at least in part, but synergistically, through compound activation. Previous studies showed that when DNA is exposed to Cu(II), Fe(II) and Zn(II) complexes of PyED in the presence of DNA, considerable DNA degradation occurs within 1 h under hyperthermic conditions, with Cu(II) activation producing .50% degradation of DNA within 5 min. The importance of thermally-activated radical production is evidenced by the lack of compromised DNA observed using the cyclized non-radical-generating control complex PyBD, pyridine-2-ylmethyl-(2-f[(pyridine-2-ylmethylene)-amino]-methylgbenzyl)-amine or free (unmetallated) PyED (19) Additionally, in situ activation of PyED via chelation of Cu(II) and Zn(II) has been shown to result in radical-induced disaggregation of Ab fibrils at 378C relative to the cyclized control PyBD complex. The extent of radical damage is elevated upon treatment under hyperthermic conditions, consistent with the increased radical generation after exposure to elevated temperatures (20) . These experiments established not only the activation of these compounds under physiologically relevant conditions, but also the significant role that the potent 1,4-diradical species plays in the mechanism of biopolymer degradation.
As noted above, hyperthermia during drug treatment was also shown to inhibit DNA repair; incubation of cells at 378C for up to 2 h (to allow for recovery) did not result in a significant decrease in DNA damage similar to what was observed with nonheated cells (Fig. 5B) . In cells treated at 378C and then incubated for 120 min at 378C in drug-free media, the amount of DNA in the comet tail had nearly returned to that of cells treated with vehicle (DMSO) alone (Fig. 5A ). Since we previously showed that PyED treatment at 42.58C in HeLa cells reduced G 2 /M cell cycle arrest (14) , it is attractive to speculate that progression of U-1 cells to mitosis with DNA damage results in the potentiation of cytotoxicity observed for heated drug-treated cells. Unlike the distribution of DNA damage in nonheated cells, drug treatment with heat yielded cells with greater levels of DNA damage. Even after 2 h at 378C, no ''level 0'' comets were observed, whereas heat exposure alone yielded only cells with ''level 0 or 1'' comets.
While hyperthermia likely increases the cytotoxicity of both PyED and Pt-PyED by increasing cyclization and activation of the compounds and subsequently an increase in DNA damage, we propose that potentiation of metalloenediyne cytotoxicity may also be mediated through the inhibition of DNA repair by the heat exposure. There is a precedent for proposing such a mechanism: hyperthermia potentiates radiation-induced cell killing (21) , and this synergistic effect is attributed to inhibition of repair of radiation-induced DNA damage, particularly DSBs (22) (23) (24) (25) (26) . Inhibition of repair of radiation-induced DNA strand breaks may in turn be due in part to inactivation of critical DNA repair proteins by heat, or masking of damaged DNA sites by aggregated denatured proteins (27, 28 and references therein). It is conceivable that repair of DNA strand breaks induced by chemicals such as the metalloenediynes may be inhibited similarly by hyperthermia. However, it is possible that hyperthermia may have also increased PyED cytotoxicity through other (or multiple) distinct mechanisms. For example, heating during drug treatment might result in different species of DNA damage (e.g., DSBs), may have inhibited specific repair pathways, or perhaps influenced drug influx and efflux into and out of the cell. Some thermochemotherapeutic effects are indeed known to be the result of increased drug influx or decreased efflux, which allows a greater intracellular concentration of a specific drug to induce more DNA damage (12, 13) .
We have shown that short exposures (as brief as 15 min) to temperatures less than 42.58C (and as low as 40.58C) result in enhancement of metalloenediyne cytotoxicity. Although much progress has been made in clinical techniques for administering site-specific hyperthermia, lower temperatures and shorter treatment times are still ideal. Longer treatment times increase the possibility of changes in blood flow, altering the delivery of some drugs to the target tissue (15, 29) . Also, in general, maintaining a target tissue at a specific temperature is more clinically feasible with shorter treatment times and lower temperatures. Thus, understanding the temperature and time dependence of metalloenediyne cytotoxicity is critical for providing guidance regarding the minimum temperature and heating times required to significantly potentiate metalloenediyne-induced toxicity. Furthermore, such information may be useful in guiding the development of compounds that may have clinical utility when administered with thermal therapy. Indeed, evolving areas of interest for the utilization of hyperthermia in the clinic include an application of the principles of chemosensitization to thermal ablation. Thermal ablation of tumors involves the local application of extreme temperatures (usually 508C or higher). The cells of the tumor are rapidly killed in and around a central zone of coagulation, with normal tissues being largely spared, especially if they lie outside the temperature gradient of the ablation zone. However, typically, there are tumor cells at the periphery of the tumor, within a portion of the temperature gradient outside of the coagulation zone, which may not be heated to the temperature required to elicit immediate cell death; that is, many tumor cells could receive only a sublethal heat dose. Any cells that receive a sublethal heat dose could ultimately result in regrowth of the tumor. Potentially, our metalloenediyne compounds could be administered systemically; since they are only minimally to somewhat moderately cytotoxic at normal physiological temperature they would not be expected to produce the side effects normally observed after a typical treatment with chemotherapeutic agents. However, after uptake by tumor cells at the tumor periphery, the compounds could be activated by hyperthermic temperatures that are normally sublethal outside the coagulation zone, but still sufficient to sensitize the cells to the drug. Thus, we propose that an evolving and exciting potential application of metalloenediyne therapy may involve the thermal enhancement of cytotoxic effects of the compounds by targeted heat delivery during thermal ablation. If enediyne activation can be sufficiently controlled with little to no detrimental effects to normal tissue, the cytotoxic effects of the compound could be targeted to and activated within tumor tissue to produce selective cytotoxic effects. Such an approach could be developed for treatment of a variety of tumor types (29, 30) .
Some of the major limitations to the clinical utility of conventional (non-metallated) enediyne compounds have been their proclivity toward activation and resulting toxicity at physiological temperatures (3) . Metallation of enediynes has addressed some of these limitations, as the metal ligand serves to both stabilize the inactive compound and lower the energy required for activation. Although achieving and maintaining a specific tumor volume at an elevated temperature homogeneously for extended periods of time had been quite difficult with administration of moderate hyperthermia alone, technological developments have made localized hyperthermia more clinically feasible, and with simultaneous administration of metalloenediynes, ablative temperatures would not be required to effect local tumor control; even low or moderate-temperature hyperthermia (up to 42.58C) that has been used to elicit heat-radiosensitization (15, 31) could be used to achieve significant cell killing.
The results obtained in this study with PyED and PtPyED indicate that in vivo testing and further development and investigation of thermally-activated metalloenediyne compounds are warranted. Although PyED exhibits some toxicity at normal body temperature at higher concentrations, the localized activation of each of these novel compounds has the potential to enhance therapeutic gain, since thermal therapy (ablative or moderate, longer duration hyperthermia), administered locally to a defined volume of tumor-containing tissue, could selectively activate compounds and increase cell killing within the tumor without affecting systemic toxicity. The data from our current study demonstrate that manipulation of structure influences activation temperatures of enediyne motifs, and that metal ions are excellent cofactors for activation. However, future efforts will be focused on the development of additional ligand derivatives with improved solubility, and enhanced and better-controlled diradical reactivity, for which activity, toxicity profile and efficacy can be efficiently tuned, and which display a proclivity for activation after exposure to slightly supra-physiological temperatures. The development of compounds such as Pt-PyED, which bind to DNA (Fig.  10 ) and might potentially function like cisplatin as a dualthreat modality to induce DNA damage and inhibit DNA metabolism in tumor cells, could be of significant potential clinical relevance.
